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THE  PREDICTION  OF  SOLAR  ACTIVIT' 


AS  A  BASIS  FOR  THE  PREDICTION  OF  RADIO  PROPAGATION  PHENOMENA 


Io  Introduction 


The  close  correlation  between  variations  of  ionospheric  phenomena  and 
the  variation  of  solar  activity,  which  became  apparent  within  a  few  years 
after  the  first  measurements  of  ionospheric  critical  frequencies  were  made,^ 
enables  the  prediction  of  ionospheric  phenomena,  upon  which  high-frequency 
radio  propagation  depends,  if  first  a  prediction  of  solar  activity  is  made0 

Solar  activity,  as  manifest  in  the  variations  of  solar  diameter,  corona, 
prominences,  faculae,  flocculi,  sunspots,  light  emission,  and  a  large  number 
of  dependent  terrestrial  phenomena,  exhibits  a  pulsating  behavior,  compara¬ 
tively  feeble,  but  in  many  respects  similar  to  the  pulsations  of  other 
variable  stars 0  Its  prediction  is  based  upon  study  of  the  .frequency,  in- 
tensity,  and  duration  of  these  pulsations,  as  observed  over  a  long  period 
of  timeo 

Of  all  the  solar  phenomena  which  exhibit  such  pulsating  variations,, 
sunspots  are  those  for  yrhich  fairly  accurate  measurements  have  been  made 
over  the  longest  period  of  timeo  The  study  of  their  behavior,  therefore, 
forms,  at  present,  the  best  basis  for  the  prediction  of  solar  activityo 

As  early  as  1849,  Wolf  began  the  study  of  sunspots  as  an  index  of 
so?i.ar  activity,  and  expressed  their  variation  for  this  purpose  in  terms  of 
"relative  sunspot  number"  -  the  sum  of  the  total  number  of  sunspots  observed 
plus  ten  times  the  number  of  spot  groups,  this  sum  being  multiplied  by  a 
factor  depending  upon  seeing  conditions  and  observing  apparatus  ■=  an  ar¬ 
bitrary  measure  which  has  since  proved,  by  its  excellent  correlation  with 
a  wide  variety  of  phenomena,  to  have  been  a  very  fortunate  choice <>  By 
correlation  of  his  own  extensive  observations  with  those  of  other  in¬ 
vestigators,  Wolf 2  extended  the  period  over  which  monthly  estimates  of 
relative  sunspot  number  might  be  made  to  the  year  1749 „  This  series  of 
relative  sunspot  numbers,  extended  to  the  present  time,  is  presented  in 
the  report  IRPL-R23,  "Solar-Cycle  Data  for  Correlation  with  Radio  Propaga¬ 
tion  Phenomena,"  By  investigation  of  all  previous  records,  times  of  all 
maxima  and  minima  were  established  with  an  accuracy  of  about  ±2  years 
as  far  back  as  1610,  and  occasional  times  of  maxima  were  determined  for 
even  earlier  times,  the  most  conspicuous,  as  selected  by  Wolf,  being  those 
of  the  years  372,  840,  1078,  and  1372c  From  these  'Wolf  determined  the 
cycle  duration  of  relative  sunspot  number  to  be  slightly  greater  than 
eleven  years 0 
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Following  the  discovery  by  Halev  of  the  magnetic  fields  in  sunspotsy 
and  later  observation  at  Mt,  ?filson  Observatory*  which  showed  that  the 
direction  of  such  magnetic  fields  reversed  for  alternate  eleven-year 
sunspot  cycles,  it  became  apparent  that  the  principal  period  of  pulsa¬ 
tion  of  solar  activity  should  be  approximately  twice  that  of  the  sunspot- 
number  cycle.  Additional  evidence  for  this  is  afforded  by  the  variation 
in  relative  sunspot  number ;  also,  for  recent  years  where  the  observations 
are  likely  to  be  of  greater  accuracy!  these  show  alternate  high  and  low 
maxima,  with 'characteristically  different  variations  of  the  sunspot  num¬ 
ber  with  time  from  the  maximum,  in  each  of  the  two  types «  (Cf«  Figs-  11 
through  21,  IRPL-R23,  '’Solar-Cycle  Data  for  Correlation  with  Radio  Propa- 
gati on  Phenomena" ) 0 

Beyond  the  outstanding  evidence  of  an  approximately  twenty-two  or 
twenty- three  year  period  of  pulsation  in  solar  activity,  the  series  of 
sunspot  numbers  has  afforded  a  somewhat  ambiguous  basis  for  accurate 
knowledge  of  future  sunspot  numbers ,  Inference  of  all  available  solar 
data  concerning  the  basic  nature  and  causes  of  cyclic  solar  activity, 
of  which  the  roughly  determined  empirical  laws  of  sunspot  behavior  are 
a  part,  is,  of  course,  the  ultimate  means  of  predicting  solar  activity , 
Unfortunately,  however,  although  several  plausible  theories  of  sunspot 
formation  have  been  proffered,  lack  of  sufficient  solar  data  prevents 
verification  of  any  of  theiru 

It  seems  possible  that  the  cyclic  behavior  of  solar  activity, 
although  feeble,  may  be  akin  to  the  cyclic  behavior  of  many  other  stars, 
such  as  those  of  the  Cepheid  type,  and  those,  particularly,  of  longer- 
period  variability,  since,  as  for  the  latter,  the  periodicity  of  solar 
variation  is  very  long,  and  far  from  precisely  established ,  It  is  of 
particular  interest  in  this  respect  that  the  shape  of  the  curve  of  sun¬ 
spot  number  versus  time  bears  a  striking  resemblance  to  that  of  the 
curve  of  light  emission  with  time  for  stars  of  both  the  Cepheid  type 
and  for  long-period  variables  (compare  Figs,  of  IRPL-R23,  "Solar-Cycle 
Data  for  Correlation  with  Radio  Propagation  Phenomena,"  and  Figs,  258, 
259,  262,  277,  "Astronomy*  II*  Astrophysics  and  Stellar  Astronomy", 

Ho  11,  Jiussell,  R,  So  Dugan,  J,  q.  Stewart;  Ginn  and  Co,),  having  a 
steep  slope  before  maximum,  followed  by  a  gentler  slope  from  maximum 
to  the  following  minimum.  The  pronounced  variations  exhibited  by  many 
other  variable  stars  are  thought  to  be  dependent  upon  naturally  periodic 
expansions  and  contractions  conditioned  by  gravitation  and  the  elastic 
properties  of  the  Oaseous  material  composing  the  star.  However,  there 
also  seems  some  reason  to  believe  that  the  feeble  periodicity  of  solar 
activity  could  possibly  result  from  a  solar  state  of  comparative  in¬ 
stability,  where  variations  might  easily  follow  the  imposed  periodicity 
of  even  a  relatively  weak  force, 

II.  Theories  of  Solar-Activity  Variation 
5 

Wolf,  noting  the  depression  in  sunspot  number  occurring  in  1863, 
at  the  time  of  Jupiter*  s  aphelion,  and  similar  anomalies  at  the  times 
of  earlier  aphelia,  first  proposed  that  the  cause  of  the  cyclic  varia¬ 
tion  of  solar  activity  lay  in  the  action  of  the  planets,  particularly 
Jupiter,  upon  the  non-rigid  matter  of  the  sun. 
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The  consideration  of  planetary  action  as  a  cause  of  so la reactivity 
variation  has  been  the  subject  of  numerous  later  investigations  by  WQ 

rt‘ and  Bo  Loewvv®  Ho  Fritz  a7  K0  Birkeland  ,,V  So  Wo 
A0Schuster£,  ^  E«  Frank  el  ,  Do  Alter„-^  and  Wo  Ao 

e  the  period  of  Jupiter  (II086  years)  is  not  far  dif~ 
ferent  from  the  length  of  the  sunspot- number  cycles  and  Jupiter  is  the 
most  massive  of  the  planets 5  the  action  of  Jupiter  is  considered  chiefly 
responsible  for  the  variation  of  solar  activity  by  advocates  of  its 
planetary  origin 0 

Eo  Wo  Brovm^g  among  others^  has  considered  simply  the  gravitational 
attraction  of  planets  ,in  causing  solar  tideso  He  gives  the  tide- raising 
force  of  each  planetp  in  terms  of  that  of  the  earth,,  as  follows 8 
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Neglecting  the  effect  of  the  inner  planets  as  probably  contributing  little 
to  the  long-period  variation  of  solar  activity,,  this  variation  is  chiefly 
ascribed  to  the  tidal  variation  resulting  from  the  eccentric i.ty  of  Jupiter's 
orbits  because  of  which  the  tidal  force  will  vary  by  ±0o33s  and  to  the  ac» 
tion  of  Saturn  on  this  variation..  By  combining  two  simple  variations  hav¬ 
ing  Jupiter's  orbital  period  (II086  years)  and  half  that  of  Saturn  rela¬ 
tive  to  Jupiter  (9093  years )g  Brown  obtained  a  fairly  good  representation 
of  the  series  of  sunspot  numbers 0  It  is  difficulty  however s  to  reconcile 
this  explanation  of  solar  activity  variation  with  the  relative  amplitudes 
of  the  planetary  tidal  forces^  particularly  the  lack  of  any  pronounced 
periodicity  related  to  the  motion  of  Mercury o 

a  'j  f  w  n 

A  more  reasonable  explanation  is  given  by  Wo  An  Lubyj  •  who  has 

considered  the  action  resulting  from  the  precessional  couple  of  each  planet 
upon  the  equatorial  bulge  of  the  sun„  Showing  that  Poincare's  condition  for 
the  precession  of  a  fluid  body  in  the  manner  of  a  rigid  body  is  not  ful¬ 
filled  in  the  case  of  the  sun  and  its  planets^  and  that  their  precessional 
couples  will  result  in  variations  in  the  sun's  equatorial  bulge  s  he  gives 
the  relative  values  of  the  mean  couples  and  their  extreme  values  ass 

Mean  Couple  Extreme  Values  of  Couple 
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Here  the  couple  due  to  Jupiter  is  seen  to  be  the  greatesto  The  couple 
for  each  planet  will  vary  through  zero  at  the  nodal  points  of  the  planet’ s 
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orbit  with  respect  to  the  solar  equator o  Comparison  of  sunspot  numbers a 
grouped  according  to  the  various  orbital  periods  s  with  the  variations  in 
precessional  couple  shows  fairly  good  correlation  in  each  case,  with  a 
decrease  of  sunspot  number  generally  following  nodal  positions0  The 
degree  of  correlation  in  each  cases  and  the  amount  of  lag ^  however,  are 
rather  variable,  and,  as  for  other  planetary  explanations  of  the  varia¬ 
tion  of  solar  activity,,  no  good  explanation  is  given  for  a  22-23  year 
periodicity,  which  seems  to  be  the  outstanding  observed  facto 

Other  possible  evidence  for  the  action  of  placets  on  solar  activity 
(although  later  shown  to  be  better  evidence  for  Bjerknes'  hydrodynamic 
theory)  is  afforded  by  the  observations  of  Mrsu  AoS.Do  Maunder,1,  corro¬ 
borated  by  Ro  Jo  Pocock1®,  that  more  sunspots  are  apparently  formed  on 
the  sun5  s  eastern  hemisphere  as  viewed  from,  the  earth,  than  on  the  sun’ s 
western  hemisphere;,  That  this  result  might  be  only  apparent,  depending 
upon  the  tilt  of  the  sunspot  cross-section  was  suggested  by  Mrso  Maunder 
in  the  initial  presentation  of  these  data,  and  has  later  been  discussed 
by  Wo  Gleissberg, who  has  shown  that  an  average  tilt  of  only  0o6° 
would  be  sufficient  to  explain  the  observed  effecto  Following  Mrs0 
Maunder5  s  observations,  Ao  Schuster11  showed  that  the  distribution  of 
sunspots  was  related  to  the  zenith  position,  relative  to  the  sun,  of  the 
various  planets,  to  a  greater  degree  than  that  attributable  to  chanceo 

Consideration  of  solar  hydrodynamic  vortices  as  a  cause  of  sunspots 
followed  Emden's^1  investigations  of  the  hydrodynamics  of  gaseous  spheresD 

Although  largely  qualitative  in  nature,  the  hydrodynamic  theory  of 
solar  activity  variation  proposed  by  Vo  Bjerknes‘S  is  outstanding  in 
that  a  simple,  plausible  explanation  is  thereby  afforded  for  a  great 
many  solar  phenomena,,  Bjerknes  shows  that,  the  conditions  of  thermo¬ 
dynamic  equilibrium  in  the  solar  atmosphere  are  favorable  for  the 
formation  of  stratified  circulation,,  which  may  entail  the  existence 
of  zonal  vortex  rings  a  Observed  sunspot  phenomena  may  be  explained 
on  the  assumption  of  a  pair  of  such  zonal  vortex  rings  in  each  hemisphere, 
north  and  south,  each  pair  participating  in  the  general  circulation, 
and  each  vortex  ring  of  each  pair,  in  turn,  rising  to  cut  the  surface 
of  the  photosphere  in  limited,  regions  above  or  below  the  sun*  s  equator  o 
If  waves  exist  in  each  vortex  ring,  the  intersections  of  the  vortex 
ring  with  the  photosphere  surface  will  result  in  pairs  of  sunspots, 
each  sunspot  corresponding  to  a  cross-sectional  area  of  intersection,, 

^The  circulating  motion  of  the  vortices  explains  Hale’s  observa¬ 
tion0  of  a  magnetic  field  in  every  suns  pot  0  The  occurrence  of  sunspots 
in  pairs,  each  member  of  the  pair  having  opposite  magnetic  polarity, 
ensues  from  the  assumption  of  a  continuous,  wavy,  zonal  vortex,  since 
it  must  always  be  cut  doubly  by  the  surface  of  the  photos phere0  The 
Evershead  effect  follows  from  the  centrifugal  pumping  action  of  the 
vortexo  The  darkness  of  sunspots  with  respect  to  the  rest  of  the 
solar  disc,  indicating  lower  temperatures  in  their  upper  surfaces, 
may  be  ascribed  to  the  dip  caused  by  the  vortex  in  the  photosphere 
surface,  and  its  corresponding  core  of  cooled  gases  from  upper  re- 
gionso  The  spiral  structure,  observed  in  the  high  layers  of  the  solar 


atmosphere  near  sunspots,  follows  from  the  radial  inflow  of  gases  in  com¬ 
pensation  for  the  sink  caused  by  the  vortex  motions  the  spiral  character 
y  of  the  inflow  depends  upon  solar  rotation  only,  and  therefore,  as  observed 
does  not  change  with  the  magnetic  polarity  of  the  sunspots o 

Since  the  general  circulation  in  the  stratum  where  the  spots  are 
formed  may  be  assumed  to  consist  of  motion  toward  the  poles  in  the  lower 
part,  upward  motion  near  the  poles,  and  motion  toward  the  equator  in  the 
upper  portion,  the  greetest  temperature  contrast  occurs  in  the  regions 
just  above  and  below  the  equator,  where  masses  of  gas,  cooled  by  radiation 
descend  and  come  into  contact  with  the  hot  ascending  masses  of  the  next 
lower  circulating  stratum  This  results  in  concentration  of  the  circula¬ 
tion  in  regions  just  above  and  below  the  equator,  with  greater  likelihood 
for  the  formation  of  the  vortices  causing  sunspots  in  these  regions o 

If  the  assumed  pairs  of  wavy  zonal  vortices  in  each  solar  hemisphere 
participate,  as  they  must,  in  the  general  solar  cxrou rata  on,  one  will  rise 
to  the  surface  of  the  photosphere  at  a  comparatively  high  latitude,  and 
progress  slowly,  with  an  increased  number  of  intersections,  toward  the 
equator,  then,  with  a  decreasing  number  of  intersections,  descend,  as  the 
second  vortex  rises  in  high  latitudeso  This  process  explains  ' both  the 
latitude  change  of  the  sunspot  belts  with  the  solar  cycle,  and  the  re¬ 
versal  of  magnetic  polarities  with  each  eleven-year  half-cycleo 

Variation  of  observed  solar  rotation  with  latitude  also  ensues  from 
'  the  above  assumptions  of  general  circulationo  Both  polar  and  equatorial 
regions,  participating  least  in  the  general  circulation,  will  rotate  more 
nearly  in  the  manner  of  a  rigid  body  than  regions  in  intervening  latitudes 
where  a  lag  will  occur  in  the  outer  regions  of  the  photosphere 0  lack  of 
evidence,  so  far,  for  a  shorter  rotation  period  in  polar  regions,  as  well 
as  for  the  higher  temperatures  in  polar  regions  predicted  by  this  theory, 
is  possibly  because  of  difficulty  of  good  observation  iri  polar  regions, 

The  east  current  in  the  lower  photosphere  surface  where  the  zonal  vortices 
give  rise  to  sunspots  may  account  for  the  asymmetric  properties  of  sunspot 
binaries 0  Wo  Gleissberg^  has  shown  that  the  observed  excess  of  sunspots 
in  the  sun’s  eastern  hemisphere,  as  viewed  from,  the  earth, ^7,18  previously 
mentioned  as  possible  evidence  for  the  planetary  theories  of  sunspot 
origin,  is  thus  accounted  for  by  Bjerknes*  theoryu 


Another  explanation  of  many  observed  properties  of  sunspots,  together 
with  some  quantitative  check  with  solar  observations,  has  been  developed 
on  the  basis  of  a  system  of  solar  magneto- hydrodynamic  waves,  in  a  recent 
series  of  papers  by  H0  Alfven^0*'^ and  by  Co  Vfelen0^°  Because  of 
the  difficulty  in  explaining  the  strength  of  the  observed  magnetic  fields 
associated  with  sunspots,  on  the  basis  of  previous  theories,  this  theory 
postulates  the  observed  fields,  and  showss  that  both  the  relative  darkness 
of  sunspots  and  the  Bvershead  effect  follow  from  decreases  in  hydrostatic 
pressure,  with  consequent  cooling  of  the  solar  gases,  depending  upon 
magnetostatic  pressureo 

Genesis  of  the  magnetic  fields  in  sunspots  is  assumed  to  occur  near 
the  sun’s  center,  where  an  initial  hydrodynamic  ring-whirl,  split  into 
two  parts,  each  starting  off  in  opposite  directions  as  a  magneto- 
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hydrodynamic  wav©  along  the  magnetic  lines  of  force  forming  the  sun* s 
general  magnetic  field 9  slowly  travels s  until  in  about  forty  years,,  it 
reaches  the  solar  surface,,  and  causes  strong  magnetic  fields  there0  The 
wave  front  first  intersects  the  solar  surface  at  high  latitudes,,  and 
gradually  progresses  toward  the  equator 0  In  this  manner  the  opposed 
polarities  of  sunspot  binaries  in  the  sun9  s  northern  and  southern  hemi¬ 
spheres  s  as  well  as  the  variation  in  latitude  of  the  sunspot  zones,,  are 
explained  0 

Assuming  current  ideas  concerning  the  change  of  solar  density  with 
radius,  as  given  by  Waldrapier^8  and  by  G„  Blanch,,  Ac  No  JLow&n,  Ho  Eo 
Marshak,  and  Ho  Ao  Bethe^9  AlfvSn27  obtains  mathematical  expression 
for  the  latitude  variation  of  the  sunspot  zone  with  time,  which  is  in 
good  agreement  with  observation  if  the  wave  front  causes  sunspots  upon 
a  solar  surface  generated  by  a  radius  between  7o0  x  10^9  cin  and 
605  x  10^  cm  in  length,' on  the  assumption  of  a  homogeneous  solar  mag¬ 
netic  field  within  a  region  distant  108  x  lcA°  cm  to  2U4  x  10  era  from 
the  sun’s  center,  the  sun’s  magnetic  dipole  moment  being  between  105  x  10  ' 
and  6o2  x  10*^  gau&scm^,  these  latter  values  being  in  good  agreement  with 
Zeeman- effect  observations . 

III.  Empirical  Laws  of  Solar-Activity  Variation* 

A°  General  Investigations  Concerning  Variation  of  Solar  Activity.. 

So  far,  lack  of  sufficient  experimental  data  prevents  both  choice 
among  these  theories  and  their  quantitative  adaptation  for  prediction 
purposes o  The  practical  prediction  of  solar  activity  is  therefore  based 
upon  empirical  laws  of  behavior,  for  which  the  same  lack  of  sufficient 
experimental  data  renders  both  determination  of  the  laws  and  consequent 
prediction  of  future  solar  activity  grossly  inexacto 

From  Wolfes  earliest  researches,  as  noted  before,  an  approximately 
sleven-ysar  periodicity  was  noted  in  the  series  of  relative  sunspot  num¬ 
bers,  as  well  as  asymmetry  about  the  maximum  value  in  each  period,  the 
time  of  approach  from  minimum  to  maximum  being  considerably  shorter  than 
the  time  from  maximum  to  the  f  oil  owing  minimum  o  This  asymmetry  has  been 
the  subject  of  considerable  investigation  by  W0  De  la  Rue,  Stewart  and 
Bo  Loewy"0  For  the  past  century,  where  measurements  have  been  more  exact, 
alternate  eleven-year  sunspot- number  cycles  have  borne  similarity  to  each 
other,  and  sunspot-number  maxima  have  been  alternately  high  and  low,  as 
shown  in  the  following  table  (from  R0  Co  Linder*^)  s 


Cycle 

Yearly 

Peak  Maximum 

Month 

Monthly 

Peak  Maximum 

1343-1856 

1848  -  124.3 

0*3  to 

1847  -  180 o4 

1856-1857 

1860  -  95  o7 

Ju  ly 

1860  -  116.7 

1867-1879 

1870  -  139.1 

May 

1870  -  176 o0 

1879-1889 

1883  —  63o? 

Apr  i  1 

1882  ™  95 08 

1889-1901 

1893  -  84 o 9 

Augo 

1893  =  129  o2 

1901-1913 

1905  -  63o5 

Feb  o 

1302  -  108 o 2 

19 13- 192 3 

1917  -  103o9 

Aug  o 

1917  -  154 o5 

1923-1934 

1928  -  77 08 

Dec  o 

1929  -  108 «0 

1934-1943 

1937  -  118  o 8 

July 

1938  -  165 o 3 
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If  this  behavior  is  maintained ,  which  seems  a  reasonable  assumption 
on  the  basis  of  the  approximately  22-23-year  periodicity  also  indicated 
by  the  magnetic  polarities  of  sunspots ,  the  next  sunspot  maximum  should 
be  fairly  low ,  as  indicated  by  the  extreme  values  of  95 07  and  6305  for 
lew  maxima  in  the  above  tables,  and  the  time  variation  of  sunspot  number 
that  of  a  typical  low-maximum  cycleo  Figs  a  1,  2,  and  3  present  the 
averaged  sunspot  numbers  of  the  last  three  or  four  low  cycles,  taken 
for  coincident  times  of  minimum,  maximum,  and  first  appearance  of  a 
spot  belonging  to  the  cycleo 

Search  for  empirical  laws  governing  solar  activity  have  proceeded, 
generally  according  to  two  different  schools  of  thought,  one  holding 
that  solar  activity  is  a  periodic  phenomenon,  the  other  considering 
each  solar-activity  cycle  as  an  independent  outburst,. 

Bo  Investigations  Concerning  Periodicity  of  Solar  Activity. 

From  considerations  of  the  solar  cycle  as  a  periodic  phenomenon, 
prediction  is  based  upon  harmonic  analysis  of  a  number  of  previous 
cycles,  and  synthesis  of  the  results  of  this  analysis  to  extend  the 
values  to  future  times o  If  only  the  recent,  more  accurate,  data  are 
used  in  this  analysis,  there  is  risk  of  inaccuracy  in  prediction  should 
any  pronounced  long-period  cyclic  variation  exist o  If  the  analysis  is 
extended  to  include  the  data  of  remote  times,  their  inclusion  will 
add  inaccuracy  should  there  be  no  very  long  periedieityo  Analyses  of 
sunspot  numbers  on  the  basis  of  periodicity  have  been  mad by  the  fol- 
losings  Ro  Wolf,  ^  IIo  Fritz,''  A,  Schuster,®^’  S  ■■  Oppenheim,^®  Ao_  Mic’holson,/ 
So  Hirayama,^  Ho  Kinura , ^  H0  Turner, tarmor  and  Yarnaga , 39  G «  Yule,^® 
Do  Alter,  13  a»  Douglass,^  Ho  Clayton, and  Co  Anderson,*® 

Probably  the  best  argument  for  the  validity  of  this  method  of 
analysis  lies  in  the  good  agreement  found  ‘between  the  periodicity  of 
the  principal  component  determined  from  inclusion  of  the  very  oldest 
observations,  llol  years,  by  Wolf  and  by  Frits,  and  that  determined  from 
analysis  of  only  the  relatively  precisely  known  data  since  1793  by  Clay¬ 
ton,  llol?  years o  Reasonably  good  agreement  has  also  been  found  for 
other  periods  as  determined  by  various  investigators, 3^,42  -^-foere  period¬ 
icities  have  been  found  within  the  following  limits  by  two  or  ‘more  dif¬ 
ferent  researches  § 


Years 

4 o8=>  4 o9 
5o8-  5  06 
7 o3-  7o6 

3  o 1—  8  o  4 
8 05®  8 o9 
9 o 9-lOcO 
Ho2-llo4 
llo9-13o5 
14  oO-  14  c  9 
2,9  o  9-20  o5 
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Of  particular  interest  is  the  35“ year  recurrence  of  high  maxima  noted 
by  A0  Schuster*5^  which  he  traces  back  to  Chinese  records  near  the  begin* 
ning  of  our  era,  the  unusually  high  maximum  in  1837  being  ascribed  to 
coincident  phase  of  the  partials  of  periods  4038,  4o80,  8o38,  and  11 0 125 
'/ears,  that  in  1870  to  coincident  phase  of  all  of  these  as  well  as  the 
partial  having  a  l3o5-year  period „  It  is  of  interest  in  this  respect  that 
the  last  maximum,  in  1937,  which  occurred  after  Schuster  made  his  analysis , 
was  one  of  the  highest  on  record « 

Alter‘d  obtained  a  fundamental  period  of  252  years  for  the  series  of 
sunspot  numbers,  and  pointed  out  that  this  was  very  nearly  equal  to  21 
orbital  periods  of  rotation  for  Jupiter,  8-jg-  for  Saturn,  3  for  Uranus, 
and  It?  for  Neptune,  in  possible  substantiation  of  a  planetary  theory  for 
the  origin  of  solar-activity  variation  Clayton^  obtained  a  fundamental 
sunspot  periodicity  of  89o36  years;  beginning  witJy  .linimum  occurring  in  the 
year  1798,  which  Volfer  weighted  as  8  on  a  scale  of  10,  and  advancing  all 
values  by  89, >36  years,  fairly  good  representation  was  obtained  for  later 
cycleso 

43 

Anderson’s  analysis  resulted  in  the  determination  of  a  fundamental 
period  of  312  yearso  His  analysis  in  one  respect  possessed  an  important 
advantage  over  preceding  analyses  in  that  It  was  based  upon  reversal  of 
alternate  sun  spot- number  cycles;  analysis  of  sunspot  data  since  1749  re¬ 
sulted,  upon  synthesis  and  extension  to  earlier  times,  in  remarkably  ac¬ 
curate  location  of  maxima  and  minima  between  1610  and  1749o  It  is  unfor¬ 
tunate  for  purposes  of  such  analyses  that  accurate  separation  of  the  sun¬ 
spots  near  times  of  minima  into  their  proper  half-cycle  is  only  possible 
for  recent  years,  since  the  ensuing  ambiguity  may  well  affect  the  accuracy 
of  such  analyses  to  a  considerable  degreeo 

Although,  as  noted  above,  fairly  good  agreement  exists  among  a  number 
of  investigators  for  several  periodicities,  all  sunspot-number  cycle  perio¬ 
dicities  save  the  one  of  approximately  eleven  years  ar,e  characterized  by 
relatively  low  amplitudes,  and  poorly  defined  n^ase  relations 0  According 
to  the  particularly  thorough  analysis  of  Yule,  uthe  phase  of  even  the  pro* 
nounced  eleven-year  periodicity  is  rather  vague;  he  considers  other  perio^ 
dicities  so  poorly  established  as  to  be  insignificant,  and  the  best  repre 
serration  probably  that  of  an  approximately  eleven-year  sinusoidal  function 
sf  multiplied  by  another  function  of  the  time,  governing  its  amplitude, 
and  representative  of  its  secular  changeo  In  substantial  agreement  with 
these  views  are  the  reports  of  Lflichelson^  and  Larmor  and  Yamagao^  In 
substantiation  of  Yule’s  remarks  concerning  the  indefiniteness  of  phase 
associated  with  even  the  approximately  eleven-year  periodicity 0  Wo  Gleiss- 
berg has  noted  a  progressive  decrease,  during  the  past  three  hundred 
years,  in  the  ratio  of  the  duration  of  ascending  activity  to  that  of 
descending  activity  during  the  approximately  eleven-year  suns  pot- number 
cycle  o 


Co  Statistical  Investigations  of  Solar -Activity  Variation. 


Analyses  of  the  series  of  sunspot  numbers  on  the  basis  that  each 
approximately  eleven-year  cycle  represents  a  relatively  independent  out- 
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ac  Ag 

burst  of  solar  activity  have  been  made  by  J0  Halm*,  H0  Lud  end  or  f f  a 
Mo  Waldmeier Ao  Ourkee^ip,. Jo  Stewart  and  Ho ; panofsky,4®  Bo  ThJIring 
Jo  Stewart  and  F0  Eggleston,0130"  Wo  Gleissberg,54^'53  and  Wo  Bruiinero5^ 

Waldmeier9  s  extensive  studios  of  the  behavior  of  suns  pot- number 
cycles  have  resulted  in  the  following  empirical  laws*-^® 


If  Rjj  S  maximum  smoothed  monthly  sunspot  number  of  a  cycle a 

T  -  time,  in  years,  from  minimum  to  maximuiaff 
Q  s  time,  in  years,  'from  maximum  to  a  sunspot  number  of  705 
(an  average  minimum  value), 

Rg  s  sunspot  number  five  years  before  the  maximum, 

Sj  s  sum  of  the  smoothed  monthly  average  sunspot  numbers  from 
minimum  to  maximum, 

S9  “  sum  of  the  smoothed  monthly  average  sunspot  numbers  from 
maximum  to  minimum, 

O4  s  T/e, 


then 

log  Rm  =  2,89  -  Qol7T 
±•>.09  ±0.02 


for  even  cycles 


log  R,t  =  2 o43  -  OolOT 
iOolO  ±0c02 


for  odd  cycles 


€  —  3o0  OoO 30  Rm 

±0o6  iOoOOG  for.  both  odd  and  even  cycles 


R5  =  “11 .4  -t  0o29  Rm 
±6o7  ±  0  o  06 

S1  s  0,4  Rm  *  2538 
t3o2  ±340 

&2  —  "“572  -h  40 06  Rjyj 
±600  ±5o9 

%  s  15,64  -  531  log  Rm 
3  o  0  t  OoO  30  R 


24.8  -  10o00  log  Rh 
3,0  4-  0,030  R,. 


for  even  cycles 


for  odd  cycles 


Values  found  for  Q  lie  between  the  limits  0o37  and  1072,  with  an  average 
value  of  0o7o 

56 

Brunner  has  obtained  the  following  laws  g 

If  s  time,  in  years,  between  time  of  beginning  of  cycle  (ap¬ 
pearance  of  first  spot  belonging  to  the  cycle)  and  maximum, 
s  time,  in  years,  between  maximum  and  preceding  minimum, 


50 


10 


then 


log  R 

I;  “  2 <>44  -  0.Q82T-J 

Eq  0 

(a) 

=  2  074  -  O0I8T 

A) 

Eq0 

(b) 

Using  these  relationships,  together  with  an  estimated  based  on  the 
average  ratio  of  high  to  immediately  succeeding  low  maxima  for  the  last 
four  low  cycles,,  A„  Shapley57  has  predicted  values  of  T-j_  =  6a6  years  and 
Tg  -  4,7  years  for  the  next  sunspot  cycle,  giving  times  of  minimum  and 
maximum  at  l044o9  and  1949060  His  estimated  value  of  80  for  R^,  although 
in  reasonably  good  agreement  with  the  low  values  indicated  by  FigSo  1,  2, 
and  3  as  representative  of  recent  low  cycles,  and  with  the  predictions  of 
Clayton  and  Anderson  on  the  basis  of  harmonic  analysis,  is  one  of  the 
lowest  values  currently  predicted  for  the  next  sunspot  maximum <>  If  the 
abnormally  high  ratio  of  1<>87  between  the  maxima  occurring  in  1370<>6  and 
1883a 9  were  omitted  in  averaging  the  ratios  between  alternate  high  and 
low  maxim,  and  the  more  probable  value  1035  adopted  instead  of  the 
average  used  by  Shapley,  would  be  predicted  as  88  „  If  the  time  of 
inception  of  the  new  cycle  were  taken  as  that  of  first  appearance  of  the 
high  latitude  spot  appearing  April  2  and  3,  1942,  at  latitude  34°N,55 
instead  of  tVie  later  date.  Deco  20,  1942,  used  by  Shapley,  the  time  of 
the  next  maximum  would  be  predicted  according  to  the  method  used  above, 
as  194803,  and  the  time  of  the  preceding  minimum  would  be  1943090  The 
latter  is  in  fairly  good  agreement  with  the  recent  minimum  near  the 
beginning  of  1944 

An  idea  of  the  precision  inherent  in  this  method  may  be  obtained 
by  inspection  of  Figs0  4  and  5,  which  show  graphically  the  relation- 
ships  of  Sqs o  (a)  and  (b)  aboves  for  which  the  coefficients  of  correla¬ 
tion  are,  respectively,  “O086  and  <=0o93,  and  of  the  following  table  which 
gives  the  values  of  R^,  Tq  and  Tg  predicted  in  the  same  manner  for  the 
past  two  cycles  (the  data  for  these  cycles,  however,  being  used  in  the 
prediction),  in  comparison  with  observed  values  $ 


Observed 

Computed 

Observed 

Computed 

Observed 

Computed 

73 

71 

606 

7,2 

4  08 

4  o9 

119 

111 

5  o3 

4o8 

306 

3o9 

R4  5  r‘ 

The  empirical  laws  obtained  by  Wo  Gleissberg0*  lead  to  a  predicted 
value  of  sunspot  number  for  the  next  maximum  far  in  excess  of  those  ob¬ 
tained  by  other  methods 0  Their  determination  is  based  upon  the  applica¬ 
tion  of  probability  laws  for  a  Gaussian  error  distribution  to  the  devia¬ 
tions  from  average  found  for  certain  approximately  constant  quantities 
determined  from  sunspot  data0  If,  in  each  sunspot- number  cycle, 

t  »  the  time,  in  months,  during  which  the  smoothed  relative  numbers 
increase  from  1/4  to  R 

I 
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S-  the  time*,  in  months*  during  which  the  smoothed  relative  numbers 
decrease  from  to  l/4R^ 

t#  “  the  period  of  low  activity*  in  months  s  between  l/4R^  on  a  waning 
cycle  and  i /4R.r  on  the  following  incre?  c?  >n  rr  p  t  jrf%  “|  p 


R 


M 


V45g  t*  (4)9  t  (4)a  t„(4)  being  the  averages  of  every  four 


A 


if 

s 

s 

(4) 


successive  values  of  Rjp  tj^  *  tr*  t^*  respectively *  in  the 
suns  pot”  number  series* 


trxw  4  0c2Rm 


(4) 

(4) 


B  =  t  -  0o4t 

F 


c  s  t^*'  4-  OoSt 


(4) 

(4) 

(4) 


each  of  the  quantities  A*  B*  and  G  are  found  to  be  nearly  constant  for  the 
entire  series *  being  approximately  55 *5 *  16  05*  and  77  05*  respectively* 
their  distribution  being  approximately  Gaussian*  with  nearly  identical 
standard  deviations  (  0”  s  approximately  1095)  in  each  caseo  Using  this 
value  in  the  expression 


h 


1 

o 


where  h  is  the  constant  of  Gauss's  law  of  errors*  h  is  determined  as  being 
0o36o 


Thus  the  following  probability  lav/s  are  determined  g 


lc 


The  probability  that  A  lies*  in  any 
between  55 05  -  8  and  55 c5  +  8  is 


set  of  four  successive 
equal  to  erf (0<>36  8  )° 


cycles* 


2  o 


The  probability  that  B  lies*  in  any 
between  16  05  -  8  and  16  o5  f8  is 


set  of  four  successive  cycles* 
equal  to  erf  (0o36  8  )<> 


30  The  probability  that  G  lies*  in  any  set  of  four  successive  cycles 9 
between  7705  ~S  and  7705  +  $  is  equal  to  erf(0o36©)  where  erf 
denotes  the  error  function 


In  order  to  effect  the  prediction  of  sunspot  number  by  means  of  these 
laws*  changes  in  t  (4)  are  also  assumed  to  have  a  Gaussian  distributionD 
On  the  basis  of  this  assumption*  Gleissberg  similarly  obtains  the  follow¬ 
ing  "law" j 

4o  The  probability  of  t_^^  changing  from  one  set  of  cycles  to  the 
next  by  not  more  than  8  is  equal  to  erf  (0ol6&  )Q 

Although  the  assumption  involved  in  this  "law"  at  first  may  seem 
reasonable,  inspection  of  the  accompanying  histogram*  Figo  6*  shows  that 
the  ac tual  distribution  of  the  changes  in  t^4;  qs  far  from  that  of  a 
Gaussian  distribution  Whereas  application  of  a  "X  2  test  to  the  devi&~ 
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tions  of  A,  B,  and  G  about  their  mean  values  give  values ,  respectively,  of 
X2  -  2026,  6o06s  and  15c8,  N,  the  number  of  class  intervals,  «  14,  14,  13, 
with  consequent  values  of  p,  the  probability  of  obtaining,  by  chance ,  a  fit 
to  the  theoretical  distribution  as  poor  as  or  worse  than  the  one  obtained 
being,  respectively,  (A)  better  than  O099,  (b)  better  than  0o05  and  slightly 
worse  than  0o99,  and  (C)  better  than  0o05,  all  of  which  exceed  usually  ac¬ 
ceptable  fiducial  limits,  values  ofX^  obtained  for  the  deviations  of  t 
are  so  great  that  neither  they  nor  their  correspondingly  low  values  of  p  are 
even  considered  in  any  ordinarily  used  probability  tables0  Moreover,  the 
changes  in  tr'^'  are  such  as  to  manifest  a  somewhat  periodic  time  variation, 
and  therefore  should  not  be  treated  in  this  manner u  Predictions  based  upon 
the  above  laws,  therefore,  since  all  involve  the  quantity  t  (4),  are  not 
likely  to  have  great  accuracy,, 


Gleissberg,  on  the  basis  of  the  relations  given  above,  makes  the 
following  predictions  for  the  next  sunspot  cycles 


lo  The  probability  that  the  highest  smoothed  relative  number  of  the 
coming  cycle  will  exceed  145  is  Q6°/uo 

20  The  probability  that  in  the  coming  cycle  the  reduced  period  of  rising 
will  be  shorter  than  32  months  is  91^u 

3o  It  may  be  expected  with  a  probability  of  93/a  that  the  period  of  low 
activity  which  will  precede  the  next  spot  cycle  will  be  shorter 
than  40  months  0 

4o  The  probability  that  the  interval  from  the  last  sunspot  maximum  to 
the  next  will  be  shorter  than  11»1  years,  thu3  occurring  before 
May  1948,  is  19  to  10 

It  may  be  noted  that  the  value  of  implied  by  (1),  above,  is  ab¬ 
normally  higho  If  the  "most  probable"  value  of  Rj,,  corresponding  to  a 
probability  value  of  5C£o,  is  computed,  this  value  for  the  coming  cycle 
is  216,  a  value  for  smoothed  relative  sunspot  number  which  has  never 
before  been  attained  <> 


(The  writer  is  unable  to  check  Gleissberg’ s  numerical  values  for 
"law"  4,  and  obtains  an  average  value  of  A  tr'^  of  3o08,  with  O’  , 
the  standard  deviation  “  2o55,  and  h  “  0u278u  Using  these  values, 
but  otherwise  following  Gleissberg* s  procedure,  the"most  probable1" 
value  of  Rj(j  for  the  next  cycle  is  given  as  182  in  October  1945, 

Rm 

j—  being  attained  in  July  1943) 0 

Had  Gleissberg* s  method  been  used  for  the  values  of  for  the 
past  two  sunspot  cycles,  values  in  excess  of  122o3  and  92y5  would  have 
been  predicted,  taking  advantage  of  the  data  of  these  cycles,  with  a 
probability  of  86%$  the  "most  probable"  values  would  have  been, 
respectively,  predicted  as  191  and  161  for  the  last'  and  next-to-last 
cycleso  Observed  values  were,  respectively,  119Q2  and  780lo 
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Stewart  and 
at  any  time,,  R, 


49 

Panofsky  have  shown  that  the  relative  sunspot  number 0 
may  be  expressed  as 


R  =  F(r~s)a 


-b  (r-s ) 

e  ' 


where 

s  s  the  time  of  outburst  of  a  new  cycle 

r  "  the  time,  in  years ,  thereafter 

F,  a,  and  b  are  constants  for  any  one  cycleo 


This  relationship*  which  is  that  of  a  Fearsonian  Type  III  distribution 
curve*  gives  § 

Time  at  which  maximum  occurs  "  v  s  s  4=  ft. 

b 


R. 


l'V 


M 


If  a  cycle  has  already  passed  maximum*  therefore*  the  quantities  a*  b* 
and  F  may  be  determined  and.  the  remainder  of  the  cycle  predicted  0  If  s  is 
known*  and  the  quantities  R^,  v,  and  any  other  value  of  R  for  a  given  time* 
are  estimated  by  other  means*  or*  in  case  of  the  last  quantity*  possibly 
known*  the  shape  of  the  cycle  can  also  be  estimated 0 

FigSo  7  through  11  present  comparison  of  twelve-month  running” average 
observed  sunspot  numbers  for  the  last  two  cycles  with  the  predictions  of 
Clayton*  and  of  Anderson,  values  obtained  for  these  cycles  by  the  Brunner- 
Shapley  method,  and  "most  probable"  values  obtained  by  Gleissberg*s  method  o 
Similarly,  predictions  by  these  various  methods  are  given  for  the  next 
two  cycle  So 

D  o  IIeliographic~Latitude  Variations  of  Solar  Activity. 

For  conditions  influencing  radio  transmission  which  may  be  considered 
as  dependent  upon  particle  emission,  rather  than  light  emission,  from  the 
sun,  knew ledge  of  the  heliographic  latitude  of  the  spots  is  important o 

6  0 

Carrington  discovered  the  dependence  of  sunspot  latitude  on  the 
phase  of  the  cycle  in  1855o  Notable  later  investigations  concerning  their 
latitude  variation  were  made  by  Spbrer®^-,  Wo  Maunder®^,  and  Waldmeier < 6 3, 64 

Waldmeier  has  given  the  following  empirical  lav/s  relating  the  average 
smoothed  heliographic  latitude  of  the  sunspots  to  the  average  smoothed  rela¬ 
tive  sunspot  numbers 

If,  as  before, 

Ry  -  the  average  smoothed  maximum  sunspot  number  for  the  cycle 

/  -  the  average  smoothed  heliographic  latitude  of  the  sunspot  - 

zone  50  solar  rotation  periods  before  sunspot  maximum 


and 
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,1  ~  the  average  smoothed  heliographic 

zone  at  sunspot  maximum 


latitude  of  the  sunspot 


the  average  smoothed  heliographic  latitude  of  the  sunspot 
zone  50  solar  rotation  periods  after  sunspot  maximum* 


then 

/  “  ( 17 o58  ±  lo74)  +  (0o0839  ±  0.0189).  li 

-  o  0. 

0.  “  (3.19  ±  1  o 36 )  4  (0.0699  ±  0.0143)  .  RM 

0  =  (5.44  ±  0.35)  +  (0.0427  *  0.0009)  .  R„ 

+50  M 


nn  interesting  relation  between  the  sunspot  latitude  and  the  speed  of 
solar  rotation  has  been  noted  in  a  recent  paper  by  0.  G  leissberg.^  If  A  t 
represents  the  time  during  which  the  average  heliographic  latitude  of  the 
spots*  0  „  changes  by  1°*  it  may  be  shown  that  the  values  of  A  t  sin  20,,  as 
given  by  Y.'aldmeier *  s  empirical  laws*  approximate  a  constant  value  of  3. 
Since  it  has  been  previo  us].'  shown  by  Kewton66  that  the  dependence  of  the 
sun’s  siderial  daily  motion*  £  *  on  the  heliographic  latitude*  0 *  can  be 

represented  by 

£  -  a  -  b  sin^  0 a 

where  a  -nd  b  are  positive  constants*  and  the  variation  of  £  for  one  de¬ 
gree  of  latitude  may  be  taken  as  approximately  proportional  to  sin  20,,  one 
may  conclude  that  the  speed  of  shifting  of  the  sunspot  selts  toward  the 
equator  is  nearly  proportional  to  the  gradient  of  the  sun’s  rotational 
velocity*  provided  that  the  two  phenomena  are  associated  with  each  other. 

Moreover*  if  A  t  may  be  considered  proportional  to  tho  differential 
then*  from  the  constancy  of  A  t  sin  20 *  by  integration* 

log  tan  0  -  -  OC  t  -=7j  log  3* 

where  t  is  the  time  from  the  moment  when  0  ~  30°.  Using  logarithms  to  the 
base  10,  and  substituting  the  value  A  t  sin  20  ~  3*  the  constant  OC  is 
determined  as  0.05,  and  the  above  equation  may  also  be  used  for  the  pre- 
diction  of  sunspot  latitudes. 


3?/ .  Cone  lu  s  i  ons 

Survey  of  the  numerous  empirical  laws  for  the  prediction  of  relative 
sunspot  number  as  a  measure  of  solar  activity*  and  of  average  heliographic 
latitude  of  the  sunspots  as  a  measure  of  the  location  of  this  activity* 
indicates  that  at  present  there  are  insufficient  solar  data  to  permit  any 
but  rough  estimates  concerning  future  solar  activity  for  long-distant 
future  times.  Practical  prediction*  therefore*  must  at  present  consist  of 
estimating  the  future  course  of  solar  activity  as  well  as  possible* 
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preferably  by  several  of  |^e  independent  methods  indicated  in  this  report, 
(the  methods  of  Anderson,  Waldmeier  Brunnerfl'^®  and  Stewart  and  his 
colleagues^ysDis>D£"  being  especially  recommended),  with  revisions  of 
initial  predictions  based  upon  the  accumu lation  of  more  recent  data, 
made  as  frequently,  and  continued  for  as  long  as  is  practicable  for 
the  purpose  for  which  they  are  desired 0 
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Fig.  I  AVERAGE  SUNSPOT  NUMBER  FOR  PAST  FOUR  LOW  SOLAR-ACTIVITY  CYCLES,  TAKEN  WITH  COINCIDENT  TIMES  OF  MINIMA. 
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Fig. 2  AVERAGE  SUNSPOT  NUMBER  FOR  PAST  FOUR  LOW  SOLAR-ACTIVITY  CYCLES,  TAKEN  WITH  COINCIDENT  TIMES  OF  MAXIMA 


Fig. 3  AVERAGE  SUNSPOT  NUMBER  FOR  PAST  THREE  LOW  SOLAR- ACTIVITY  CYCLES,  TAKEN  WITH  COINCIDENT  TIMES  OF  APPEARANCE  OF  FIRST  SUNSPOT  BELONGING  TO  CYCLE 


SUNSPOT  NUMBER  AT  MAXIMUM 


T,  =  TIME,  IN  YEARS,  BETWEEN  APPEARANCE  OF  FIRST  SPOT  OF  CYCLE  AND 
FOLLOWING  MAXIMUM 


Fig.  4.  VARIATION  OF  MAXIMUM  SMOOTHED  SUNSPOT  NUMBER  WITH  TIME  OF 
MAXIMUM  AFTER  APPEARANCE  OF  FIRST  SPOT  OF  CYCLE. 
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T2  =  TIME,  IN  YEARS,  BETWEEN  MAXIMUM  AND  PRECEDING  MINIMUM 

Fig. 5.  VARIATION  OF  MAXIMUM  SMOOTHED  SUNSPOT  NUMBER  WITH  TIME  OF 


MAXIMUM  AFTER  PRECEDING  MINIMUM. 
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Fig. 6,  COMPARISON  OF  OBSERVED  FREQUENCY  OF  OCCURRENCE  OF  CHANGE 
IN  SUCCESSIVE  VALUES  OF  tr(4},  THE  AVERAGE  OVER  FOUR 
CONSECUTIVE  CYCLES  OF  THE  TIME  OF  RISE  IN  SUNSPOT  NUMBER  FROM 
ONE~QUARTER  MAXIMUM  TO  MAXIMUM  VALUE,  WITH  THEORETICAL 

CURVE  FOR  NORMAL  DISTRIBUTION. 
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Fig. 7.  COMPARISON  OF  TWELVE-MONTH  RUNNING-AVERAGE  OBSERVED  SUNSPOT  NUMBERS  WITH  VALUES  PREDICTED 
BY  VARIOUS  METHODS. 
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Fig. 8.  COMPARISON  OF  TWELVE-MONTH  RUNNING-AVERAGE  OBSERVED  SUNSPOT  NUMBERS  WITH  VALUES  PREDICTED 
BY  VARIOUS  METHODS. 
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Fig.9.  COMPARISON  OF  TWELVE-MONTH  RUNNING- AVERAGE  OBSERVED  SUNSPOT  NUMBERS  WITH  VALUES  PREDICTED 
BY  VARIOUS  MET  V  OS 
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Fig.lO.  SUNSPOT  NUMBER,  PREDICTED  BY  VARIOUS  METHODS. 
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Fig.  II.  SUNSPOT  NUMBER,  PREDICTED  BY  VARIOUS  METHODS. 


